C hildren with chronic kidney disease (CKD) exhibit greatly increased mortality and morbidity from cardiovascular disease as they progress into adulthood compared with those without CKD. [1] [2] [3] This increase in cardiovascular disease is likely to have its origins in childhood and to relate, at least in part, to ventricular remodeling, including left ventricular hypertrophy (LVH).
C hildren with chronic kidney disease (CKD) exhibit greatly increased mortality and morbidity from cardiovascular disease as they progress into adulthood compared with those without CKD. [1] [2] [3] This increase in cardiovascular disease is likely to have its origins in childhood and to relate, at least in part, to ventricular remodeling, including left ventricular hypertrophy (LVH). 2, [4] [5] [6] Myocardial wall stress (MWS) is a crucial factor linked to myocardial hypertrophy: systolic wall stress patterns are thought to influence hypertrophic responses and interstitial fibrosis by stretch activation of the extracellular matrix. [7] [8] [9] In adults, MWS has a major impact on LV geometry and structure, 8, 10 and adults with even mild renal dysfunction exhibit LV remodeling. 11, 12 We thus hypothesized that MWS may be elevated in children with CKD who have not yet developed LVH.
MWS has previously been estimated using brachial blood pressure (BP) and LV dimensions measured by M-mode echocardiography. More recently, time-varying wall stress has been studied by measurement of time-varying load (central aortic BP as an estimate of LV pressure during systole) and the continuous assessment of LV geometry using crosssectional echocardiography and feature-tracking to track LV cavity volume and wall volume. [13] [14] [15] However, time-varying wall stress has not previously been studied in children (with or without CKD). The objective of this study was to evaluate ejection-phase MWS and its relationship with LV geometry and arterial load in children with mild to moderate CKD without LVH and healthy control children.
Materials and Methods

Study Population
Children with CKD were recruited from those participating in a prospective observational study investigating the relationship of target organ damage with peripheral and central BP in children at the Evelina London Children's Hospital, United Kingdom. Children and their parents were consecutively approached by a clinician with whom they were familiar in an outpatient setting; healthy children were recruited contemporaneously from the local community and included children of medical staff. None of the children with CKD were undergoing dialysis or had received kidney transplantation. Additional exclusion criterion included congenital heart disease, cardiac arrhythmias, and inability to obtain high-quality cardiovascular measurements (mainly because of movement artifact). A target sample size of 80 was set as justified in the statistics section, and 92 children were recruited into the study. The institutional ethics committee approved the study,
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and written informed consent was obtained from parents and (where appropriate) children in the study. Anthropometric, clinical, and laboratory data were collected on the day of the research investigations. Healthy children underwent all examinations except for venesection. In children with CKD, estimated glomerular filtration rate (eGFR) was estimated using the modified Schwartz formula, [16] [17] [18] and CKD stage defined as previously described.
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Time-Varying MWS
We used carotid applanation tonometry to estimate LV pressure and echocardiography with wall-tracking to obtain wall and cavity volume over time during systole. MWS was obtained from LV pressure (estimated from carotid tonometry) and myocardial dimensions using the Arts formula 20 to obtain time-resolved systolic MWS as previously described by Chirinos et al 14 (see online-only Data Supplement for full details). The difference between peak MWS and end-systolic MWS was calculated because a relative reduction in stress in late systole may protect the myocardium against the deleterious effects of systolic load.
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Peripheral BP, Central BP, and Aortic Input Impedance
Peripheral brachial BP was measured by a trained observer using aneroid sphygmomanometry according to British Hypertension Society guidelines. The mean of 3 values of peripheral systolic BP (SBP) and diastolic BP (DBP) were used for analysis. Given the age-related change in BP throughout childhood, all peripheral BP measurements were also analyzed as z scores (the number of SD above or below a population mean assigned a value of 0) using published criteria. 21 Carotid and radial arterial pressure waveforms were obtained by a high-fidelity micromanometer and processed by the SphygmoCor device ( Figure 1 ) as described in the online-only Data Supplement. We have recently verified that central aortic SBP can be derived from the carotid waveform (from wall-tracking of the carotid artery) in children.
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Echocardiography
A transthoracic echocardiographic study was obtained using the Philips IE33 ultrasound system (Philips Healthcare, Andover) and analyzed by one author (H.G.) while blinded to CKD stage and BP percentile. Time-resolved cavity volume and myocardial wall volume and global longitudinal strain (GLS) and radial strain (GRS) were measured using a Tomtec analysis package (2-dimensional [2D] cardiac performance analysis, Tomtec, Munich, Germany) from a 2D apical 4-Chamber view as described in the online-only Data Supplement.
Statistical Analysis
The target sample size of 80 with ≈20 children in each CKD group as defined below was set to give 80% power (P<0.05) to detect a >1 SD difference between MWS in CKD and control children and a relationship between MWS and GFR accounting for >15% of the variance in MWS. Subject characteristics are summarized as mean±SD and results as mean±SEM. To examine the relationship between cardiovascular measures and GFR, children with CKD were divided into 3 approximately equal groups according to recognized CKD stages 19 ; and CKD≥3, eGFR<60 mL/min per 1.73 m 2 . Comparisons between these groups were then made using ANOVA with adjustment for confounding factors. Multiple regression analysis was also used to examine the relation between cardiovascular measures and eGFR, treating eGFR as a continuous variable. Multivariate models were adjusted for confounders that were physiologically relevant or known to be associated with the outcome measures 14, 17 and included: age, body mass index, sex, mean arterial pressure, LV end-diastolic volume (EDV), and antihypertensive medications. Goodness of fit was expressed as the adjusted r 2 . A P value <0.05 was considered statistically significant, and all tests were 2-tailed. Statistical analyses were performed using SPSS (SPSS Inc, Chicago, IL, version 21).
Results
Subject Characteristics
Characteristics of healthy control children and children with CKD divided into 3 groups according to stages of CKD (CKD 1, 2, and ≥3) are shown in Table 1 . CKD was secondary to congenital anomalies of the kidney and urinary tract in 52 of 76, glomerular disease in 7 of 76, tubulointerstitial disease in 5 of 76, and renovascular disease in 4 of 76. The remainder (8/76) had CKD of unknown pathogenesis. 18 There was no significant difference in age, height, weight, and heart rate between the control and the 3 CKD groups (Table 1) . In children with CKD, 2 of 26 (8%), 11 of 23 (48%), and 14 of 27 (52%) children in groups CKD 1, CKD 2, and CKD≥3, respectively, were taking antihypertensive medication (P<0.001 between groups).
Peripheral BP, Central BP, and Aortic Input Impedance
Only 3 children had elevated SBP, and none had elevated DBP on the day of investigations. There was no significant difference in SBP, DBP, SBP z score, DBP z score, mean arterial pressure, or peripheral pulse pressure among control and the 3 CKD groups ( Table 2 ). Central BP was also similar in all groups with no significant difference in central aortic SBP or central pulse pressure between groups ( Table 2 ). There was no significant difference in the phase or modulus of aortic input impedance between control subjects and the 3 CKD groups ( Figure S2 in the online-only Data Supplement).
LV Geometry, Mass, Ejection Fraction, and Indices of Strain
There was no significant difference in EDV, LV mass (LVM), LVM index, relative wall thickness, or LVM/EDV ratio between control subjects and the 3 CKD groups. Average LVM z score was <0 in children with CKD, indicating that LVM was not greater than that in the reference population from which z scores have been derived (Table 2) . LVH was only found in 1 subject with CKD when using age-specific reference intervals for normal children. 23 In children with CKD, LVM (P=0.682), LVM index (P=0.283), relative wall thickness (P=0.998), and LVM/ There was no significant difference in end-systolic volume, ejection fraction (Table 2) , GLS, and GRS between control and 3 CKD groups. However, there was a trend to a reduction in strain values in CKD compared with control groups (Table 2) . End-diastolic myocardial wall volume/ cavity volume ratio was not significantly different between BP indicates blood pressure; CKD, chronic kidney disease; cPP, central pulse pressure; cSBP, central SBP; DBP, diastolic blood pressure; E/E′, ratio of mitral valve Doppler early flow (E wave Velocity) and tissue Doppler mitral annulus movement (E' wave velocity); EDV, end-diastolic volume; EF, ejection fraction; ESV, end-systolic volume; GLS, global longitudinal strain; GRS, global radial strain; HR, heart rate; LV, left ventricle; LVM, LV mass; LVMI, LVM index; MAP, mean arterial pressure; RWT, relative wall thickness; SBP, systolic blood pressure; and SV, stroke volume.
*Calculated as the number of SD above a reference population to account for confounding effects of age and sex; see text for details. 
Myocardial Wall Stress
Peak, mean, and end-systolic MWS were greater in children with CKD than in controls and increased with severity of CKD stage (Figure 3 ). In children with CKD≥3, with the lowest eGFR, peak MWS was 396.3±13.5 kdynes/cm 2 compared with 336.5±17.5 kdynes/cm 2 in control children (P=0.01). Mean MWS in children with CKD≥3 was 328.8±10.6 kdynes/cm 2 compared with 273.3±13.8 kdynes/cm 2 in control children (P=0.003), and end-systolic MWS in children with CKD≥3 was 250.0±8.8 kdynes/cm 2 compared with 202.4±11.5 kdynes/cm 2 in control children (P=0.002). The difference between peak, mean, and end-systolic MWS in the 3 CKD groups and controls persisted irrespective of adjustment for confounders, including age, body mass index, and mean arterial pressure (Figure 3 ). Mean ejection-phase timevarying wall stress for each of the CKD and control groups is shown in Figure 4 .
In children with CKD, peak MWS (β=−0.253, P=0.028), mean MWS (β=−0.276, P=0.016), and end-systolic MWS (β=−0.241, P=0.036) were all negatively associated with eGFR as a continuous measure. This relationship persisted after adjustment for any or all of the following confounders: age, body mass index, sex, mean arterial pressure, LVM, LVEDV, and antihypertensive medications (Table S1 ; β=−0.280, P=0.011; β=−0.262, P=0.01; and β=−0.183, P=0.047 for peak, mean, and end-systolic MWS, respectively). The reduction from peak to end-systolic MWS was not significantly different (P=0.546) between control (132.6±13.5 kdynes/cm 2 ) and CKD 1 (127.6±9.8 kdynes/cm 
Discussion
High cardiovascular morbidity in adults with CKD is closely linked to LV remodeling. LVH, in particular, is prevalent in these subjects and predicts cardiovascular morbidity. 4, 24 In those with onset of CKD in childhood, it is likely that LV remodeling is initiated in childhood. 3 The first major finding of this study is that in our cohort of children with CKD in whom BP was well controlled and aortic input impedance was similar to that in controls, LVM as indexed for height was not greater than in our control group and the prevalence of LVH was not significantly greater than that in the general population or in our control group of healthy children without CKD. One explanation for this could be that hypertension is the sole determinant of LV remodeling. Other studies, however, suggest that, especially in children and adults with later stages of CKD, LVH is not explained simply by the level of BP. 25, 26 It should also be noted that different methods of indexing LVM influence the prevalence of LVH in children with CKD. 27 MWS represents the load per unit cross-sectional area within individual myocytes and as such is thought to be the primary mechanical stimulus to LV remodeling. 15, 28 To our knowledge, this is the first study to have examined time-varying ejection-phase MWS in a pediatric population. Both peak and mean ejection-phase MWS were significantly higher in children with CKD than in controls. Furthermore, MWS demonstrated a graded increase with stage of CKD and was inversely related to eGFR. Although the reduction in late systolic stress relative to peak stress was preserved, the absolute value of late systolic stress was significantly related to CKD stage and eGFR. This elevation of MWS is likely to contribute to LV remodeling and LVH as CKD progresses and hence to cardiovascular disease morbidity in young adults. Our findings differ from an earlier study 29 in which end-systolic wall stress was estimated by a less direct method (M-mode echocardiography derived velocity of circumferential fiber shortening) and found to be lower in children with CKD than in healthy controls. However, these children had more severe CKD than those in the present study with many on dialysis and they had a greater prevalence of LVH, which would tend to normalize MWS. The only other study in which MWS has Figure 2 . Myocardial wall volume/cavity volume ratio in control (n=16) and chronic kidney disease (CKD) groups (n=76) at enddiastole (gray bars), time of peak myocardial stress (black bars), and end-systole (white bars). There was no significant difference of this ratio at end-diastole (P=0.173), whereas it was significantly lower in CKD groups than in controls at the time of peak stress (P=0.001) and end-systole (P<0.001). been measured in children with CKD is the ESCAPE study. 30 In the ESCAPE study, children with CKD had greater renal impairment than children in the present study. They also had greater LV mass and reduced systolic function than controls. End-systolic MWS estimated from brachial SBP was higher than in control subjects and was not fully explained by increased BP. Thus, despite a tendency to increased wall thickness and LV mass that would tend to normalize MWS, MWS was elevated. This is consistent with the hypothesis that MWS initiates hypertrophic remodeling in CKD.
Mechanism of Increased MWS in Children With CKD
Elevated MWS may result from either increased central pressure during systole or altered LV geometry. In this study, peripheral and central BPs were similar in children with and without CKD and across the stages of CKD. It should be noted that in children, peak central aortic systolic pressure usually occurs at the time of peak stress. Therefore, differences in MWS were not explained simply by higher BP. The usual measure of LV geometry, ratio of LVM/EDV was not different in children with and without CKD, nor across stages of CKD. However, the ratio of LV wall volume/cavity volume at peak stress and throughout systole (but not in diastole) was significantly lower in children with CKD than in those without CKD and demonstrated a graded relationship with stage of CKD accounting for the observed relation between MWS and CKD. The change in LV wall volume and cavity volume over systole is determined by strain of the ventricle, and although neither GLS nor GRS (or ejection fraction) was different between children with CKD and control children, there was a tendency to lower values of strain in children with CKD compared with control children consistent with lower end-systolic LV wall volume to cavity volume in the CKD group compared with the control group. It may be this ratio is a more sensitive measure of early LV dysfunction in children with CKD 31 than individual measures of strain. Thus, our study suggests that, in children with CKD, a BP independent form of LV dysfunction results in increased systolic wall stress which may predispose to LVH later in childhood or in early adulthood. Contributory factors could include those that have previously been implicated as associated with LVH in children with CKD, such as anemia and ponderosity. 25 Alternatively, other factors, such as alteration in sodium and fluid balance, predisposing to volume overload could be implicated.
Optimum Level of Clinical BP to Normalize MWS
In adults with CKD, current guidelines recommend stringent BP targets equivalent to the 50th and 75th percentile in the general population. 32 Recently, the European Society of Hypertension recommended maintaining BP below the 75th percentile for children with CKD. 33 Our findings of a higher wall stress in CKD groups with BP similar to a control group add further argument for lowering BP targets in CKD, but this needs to be tested in a randomized controlled trial.
Limitations
Our study has several important limitations relating both to the study population and to the methodology. The study was performed in a limited sample, and the number of healthy control children was relatively small. Although the sample was obtained from children with CKD representative of those in the local population, some participants who were approached (≈20%) did not participate. Children with CKD were not characterized according to proteinuria. However, associations of systolic wall stress with CKD defined by eGFR were robust and persisted across all stages of CKD; the findings are, therefore, unlikely to have arisen by chance.
Central aortic systolic pressure was measured noninvasively and, although we have recently validated a similar method in children, 22 there is inevitably some error in a noninvasive estimation of central systolic pressure. However, errors in estimation of central pressure are unlikely to have confounded our finding of increased wall stress because this resulted from a lower ratio of wall volume/cavity volume rather than an increase in pressure in children with CKD. Our measures of ventricular volumes were obtained from a single plane across the ventricle and would be affected by asymmetrical ventricular geometry and suboptimal 2D image resolution. However, all of the subjects in this study had normal LV systolic function with no regional wall motion abnormalities and normal cardiac anatomy, and subjects with poor acoustic window were excluded from the final analysis. Our measures of pressure waveforms and ventricular volumes were not taken simultaneously, but heart rate was closely monitored to minimize the impact of beat-to-beat variations. The cross-sectional nature of this study limits conclusions on causality and interventional trials will be required to test whether additional BP reduction confers benefit in children with CKD.
Perspectives
MWS is the mechanical stimulus to myocardial hypertrophy. It is determined by left ventricular pressure and dimensions and can be estimated using carotid tonometry and echocardiography. LVH is thought to contribute to increased cardiovascular morbidity and mortality in CKD. Our finding of elevated MWS in children with CKD independent of raised BP and before development of LVH suggests that MWS may play an important role in LVH in children with CKD even when BP is apparently well controlled. Children with CKD may benefit from more aggressive reduction of BP to offset greater intrinsic MWS.
Conclusions
Left ventricular mass may be within normal limits in children with CKD but there is evidence of a complex blood pressureindependent LV dysfunction which results in increased systolic wall stress and which may predispose to LVH in later life. What Is New?
• This is the first study to show that myocardial wall stress is elevated, independent of blood pressure, in children with chronic kidney disease and gives insight into the remodeling associated with adverse cardiac outcomes in these children.
What Is Relevant?
• Our finding of elevated myocardial wall stress in children with chronic kidney disease independent of raised blood pressure and before development of left ventricular hypertrophy suggests that myocardial wall stress may play an important role in left ventricular hypertrophy in children with chronic kidney disease even when blood pressure is apparently well controlled.
Summary
Left ventricular mass may be within normal limits in children with chronic kidney disease, but there is evidence of a complex blood pressure-independent left ventricular dysfunction that results in increased systolic wall stress and which may predispose to left ventricular hypertrophy in later life. waveform (from wall-tracking of the carotid artery) in children. 4 The carotid 46 waveform thus calibrated was used to identify the first (P1) and second (P2) 47
Elevated Ejection-Phase Myocardial Wall Stress in Children
shoulders of the central pressure waveform and end systolic pressure (ESP) 48
( Figure 1 ). In children, cSBP usually occurs synchronously with P1, at the 49 time of peak systolic MWS (Figure 1 ), whereas in older adults it occurs at P2. Munich, Germany) from a 2D apical 4-Chamber view with optimized gain and 74 depth using both endocardial and epicardial definition. The endocardium was 75 initially defined by placing at least 6 points along it; the width of interest was 76 then adjusted to accommodate myocardial thickness in each frame. Both the 77 endocardial and epicardial border were then tracked automatically throughout 78 the whole cardiac cycle ( Figure S1 ). Time-varying ejection-phase MWS ( Figure S1 ) was computed from LV 94 pressure estimated from carotid tonometry and from myocardial wall and 95 cavity volumes by in-house software written in Matlab (MathWorks, Natick, MA) 96 from the Arts formula: 97
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Where P = LV pressure, ln = natural logarithm, V w = myocardial wall volume, 99 V lv = LV cavity volume; V w = V epi -V lv , where V epi =epicardial wall volume. 100
The mean ejection-phase time-varying wall stress for each of the CKD and 101 control groups was regenerated from 4 specified time points (end-diastole, 
